In the studies presented, the influence of the molecular weight of polyethylene glycol (PEG) on the adsorption and electrical properties at the metal oxide/polymer solution interface has been determined. The main factors responsible for the observed changes in the zeta potential and surface charge of titania were determined on the basis of the data obtained. It was demonstrated that changes in the ionic structure of the Stern layer depend on the molecular weight of PEG and its conformation. A possible mechanism for the changes in zeta potential both with pH and molecular weight was proposed on the basis of values of the surface charge difference (Ds 0 ) and the diffuse layer charge difference (Ds d ) as determined in the presence and absence of the polymer. The thickness of the adsorption layer (d) on the surface of titania was calculated from the zeta potential changes, both in the presence and absence of the polymer. A distinct influence of the PEG molecular weight was noted on the values of the adsorption layer thickness (d) determined. The structures of the macromolecules in solution and at the solid/ solution interface were compared and from the dependencies obtained some changes in the shape and dimensions of the polymer coils on passing from the bulk solution to the interface were proposed.
INTRODUCTION
The development of the chemistry of macromolecules started in the early 1930s when it was demonstrated that numerous natural substances such as cellulose and natural rubber, and many artificial materials obtained in the laboratory, are constructed of macromolecules. Their properties, which are different from those of more simple particles, led to the development of theoretical studies based on these materials. Undoubtedly this stemmed from the widespread application of these substances in many branches of industry (papermaking, cosmetics and pharmaceutics) and other related fields (Scheutjens and Fleer 1979, 1980) . The appearance of state-of-the-art investigation techniques led to the solution of many problems but also led to the emergence of many new ones. Scientists still feel the lack of a precise and concise description of the mechanism of macromolecular substances from both the theoretical and experimental point of view.
Studies on the adsorption mechanisms of polymeric substances are not so clear and univocal as with simple inorganic ions and molecules. Some laws and theories that are correct for solutions of small particles and ions are inadequate as far as polymer solutions are concerned. The varied behaviour of macromolecules in solution arises from their capacity to form different conformations at the solid/solution interface and in the bulk of the solution (Cohen Stuart and Fleer 1996) . However, a detailed description of every possible conformation would be a complex task, both difficult to realize and demanding many sophisticated investigation techniques.
Such changes in conformation depend, amongst other things, on the structure of the macromolecule. Thus, in adsorbed polymer macroparticles it is possible to distinguish three types of structure formed by the polymer chain, i.e. trains, loops and tails. The number and length of these forms depend on such parameters as the type of solvent employed, the molecular weight of the polymer, the free energy of adsorption of a particular segment, etc. Such structures have been described in the literature on the basis of two theoretical concepts for the adsorption mechanism of macromolecules (Cohen Stuart 1991; Roe 1974) .
In the above studies, the following were found to have a significant influence on the adsorption of polymer macromolecules: the free energy of adsorption of the polymer segments, the number of segments directly associated with the solid and the change in shape of the macromolecule on moving from the bulk solution to the interface. In addition, the type and number of functional groups in the polymer chain, i.e. its inner structure, was also very important.
A detailed specification of polymer adsorption on to the colloid particles of the adsorbent requires a consideration of the surface properties of the latter. The character of the surface of the solid may have a radical effect on the adsorption properties of macromolecules in a given system (Chibowski 1993) . Many valuable pieces of information concerning solid surface-macromolecule interaction may be obtained from adsorption and electrochemical measurements using well-chosen conditions.
In the present work, an attempt has been made to characterize the mechanism of adsorption and the structure of the adsorption layer created by polymer macromolecules at a solid/solution interface on the basis of experimental data and of the Scheutjens-Fleer theory (Scheutjens and Fleer 1980) . Polyethylene glycol (PEG) of various molecular weights in conjunction with TiO 2 was studied as a model system.
EXPERIMENTAL
A crystalline titania (TiO 2 , anatase) produced by Aldrich Chemicals was used as the adsorbent in all experiments. To remove possible contamination by inorganic ions, the TiO 2 was washed with doubly distilled water until the conductivity of the supernatant was ca. 1.7 mS/cm. The specific surface area of the washed oxide (as determined by the BET method) was 8.3 m 2 /g and the average particle size measured using a scanning electron microscope was 1800 nm.
Polyethylene glycol (PEG) produced by Aldrich Chemicals was used as the polymer, the following molecular weights (as supplied by the manufacturer) being used: 1000, 6000, 10000 and 20000. In addition, the mean molecular weights of the PEG samples were determined from viscosity measurements employing the Mark-Houwink equation:
where K and a are constants over a broad range of molecular weights for a particular temperature and polymer/solvent system, M is the molecular weight and [h] is the intrinsic viscosity. For a PEG solution at 25ºC, the following values apply: K = 1.56 × 10 -3 and a = 0.5 (Kurata et al. 1975) . The viscosities of the polymer solutions were measured by means of a rotation viscometer at 25ºC when the following molecular weights were established: 1015, 6017, 10001 and 20071. Because the obtained values were close to those indicated by the manufacturer, the latter values were used in all the calculation. PEG solutions were prepared over the concentration range 30-1000 ppm using doubly distilled water. The adsorption of polyethylene glycol on to a TiO 2 surface was studied using the static method reported previously (Chibowski and Paszkiewicz 1999) employing 0.25 g TiO 2 and 25 cm 3 PEG solution. The PEG concentrations were measured turbidimetrically (Nuysink and Koopal 1982) using a computerized Specord M42 spectrophotometer in conjunction with the M500 program. This arrangement enabled a choice of optimal conditions and the automatic correction of the measurements. Absorbance values were measured at a wavelength of 600 nm.
The thickness of the PEG adsorption layers was determined by viscosity measurements (Wang and Audebert 1988) using a Bohlin Instruments CVO 50 rotary rheometer at 20ºC. A series of TiO 2 suspensions of various volume fraction (f) were shaken over a period of 20 h following which their viscosities (h) and the viscosities of the parent solutions (h 0 ) were measured. This enabled the dependence of h/h 0 as a function of f to be obtained. Similarly, viscosity measurements were also undertaken for suspensions in which the polymer was adsorbed.
Zeta potential measurements were performed using a computerized Zetasizer 3000 zetameter obtained from Malvern Instruments (UK). Before such measurements, 0.02 g TiO 2 was suspended in 100 cm 3 of a polymer solution of known concentration and the pH adjusted to a known value employing 0.1 M solutions of HCl or NaOH, respectively. The time and shaking frequency were the same as those employed for the adsorption measurements. A background electrolyte concentration of 1 × 10 -3 M and a temperature of 25ºC were employed for all measurements. The surface charge was obtained from potentiometric titrations. These were performed with suspensions of 1 g TiO 2 in 50 cm 3 of a background electrolyte (1 × 10 -3 mol/dm 3 NaCl) with and without the addition of polymer. Such measurements were undertaken in a thermostatted Teflon vessel at a temperature of 25 ± 0.2ºC using a computer-controlled titration set consisting of a Methron Dosimat burette and a Beckman 71 pH meter. The surface charge density of TiO 2 was calculated using an MIAR-T program.
RESULTS AND DISCUSSION
Although adsorption isotherms are important for studying the mechanism of adsorption of macromolecular substances in metal oxide/polymer solution systems, they are not the only source of information used. Figure 1 depicts the adsorption of PEG on titania as a function of the polymer concentration, the isotherm plots obtained being characteristic for the type of compound involved and demonstrate the marked influence of the PEG molecular weight on the extent of adsorption. This arises from the bonding of the macromolecule with the solid surface via a limited number of segments. Although their number may be the same for various polymer molecular weights, the total amount of the adsorbed polymer is higher for higher molecular weights due to the greater participation of loop and tail segments at the interface.
The type and number of surface groups on TiO 2 may also determine the extent of polymer adsorption. The concentrations of these groups (-TiOH + 2 , -TiOH and -TiO -) depend on the pH of the solution (Table 1 ). The data presented were obtained by numerical optimization of the electrical double layer model (Davis et al. 1978 ) using plots of the surface charge density versus pH and versus the ionic strength. In the present case, on increasing the pH value, the concentration of -TiOH + 2 groups decreased markedly, that of the -TiO -groups increased slightly while the concentration of -TiOH groups decreased slightly after exhibiting a small increase up to pH 6.5.
The highest number of active sites on the titania surface was equal to 12.5/nm 2 (James and Parks 1982). Under these conditions, the number of PEG chain segments, i.e. -CH 2 -CH 2 -O-, involved in interaction with the active sites of the oxide is sufficiently large to effect coverage of the solid surface by horizontally disposed polymer molecules. Such a situation is usually observed for small polymer concentrations and small polymer molecular weights. Under these circumstances, the observed adsorption is small and involves a thin layer of the adsorbed polymer. For higher polymer molecular weights or polymer concentrations, mutual interaction between the macromolecules leads to different arrangements at the interface. The macromolecules are now arranged perpendicularly to the surface giving rise to higher adsorption and an increase in the thickness of the adsorption layer. Competitive adsorption of solvent particles may also have some influence in both cases (Chibowski 1987) . A knowledge of the thickness of the adsorption layers, d, formed during macromolecule adsorption on the surface of a dispersed solid is a source of important information not only with respect to the conformational structure of the adsorbed polymer but also of the interactions in metal oxide/ polymer solution systems. The method used to determine d in the present study was based on measurements of the suspension viscosity in the absence and presence of adsorbed polymer (Wang and Audebert 1988 ). An increase in the radius of the solid particle, brought about by increasing thickness of the adsorbed polymer layer, leads to a higher volume fraction, f, of dispersed solid which may be connected with the suspension viscosity via the Einstein equation:
or in an extended form as:
where h is the viscosity of the suspension, h 0 is the solution viscosity and k is the Einstein coefficient which describes the shape and radius of the dispersed particles, a quantity which also depends on the suspension concentration (M'Pandou and Siffert 1987).
Measurements of the thickness of the adsorption layer for the polymer molecular weights studied were undertaken for a volume fraction (f) of TiO 2 equal to 0.019. The d values for the polymer were determined from the increase in f for the suspension with adsorbed polymer relative to that for the pure titania suspension (Figure 2 ). The data obtained are presented in Table 2 as average values calculated from three successive measurements, where the measurement error did not exceed 3%. A comparison of the d values determined reveals that their increase may be associated with an increase in the PEG molecular weight. It may be assumed that the loops and tails formed during PEG adsorption are responsible for the increase in the thickness of the adsorption layer as the molecular weight of PEG increases.
Because the determination of the number and length of loops and tails is not possible experimentally, in the present studies the Schutjens-Fleer theory has been applied to calculate the values presented using both c and c s parameters (Scheutjens and Fleer 1980) . According to literature data, the polymer-solvent interaction parameter (c) in aqueous solutions ranges from 0.45 to 0.5 for most polymers (Porejko et al. 1974) . In the present work, the c parameter was assumed to be equal to 0.46 and the c s parameter, connected to the adsorption energy of the polymer segments, equal to 3 (Scheutjens and Fleer 1980). The resulting calculated values are presented in Table 3 .
The values listed in this table show that the number of loops per adsorbed macromolecule increased from 2 to 43 as the polymer molecular weight increased from 1000 to 20000. However, their length expressed as the number of segments merely increase from 1.8 to 4.6. Equally, the number of tails for the same molecular weight increased from 0.6 to 1.3 whereas their length increased markedly from 2.8 to 28 segments. By comparing the determined values of d from Table 2 with the data presented in Table 3 it is possible to conclude that it is the tails, rather than the loops, formed during adsorption of the macromolecule on the solid surface which are responsible for the increase in the d value with increasing polymer molecular weight. Any discussion of macromolecule adsorption on a solid surface should also consider the differing shape of the macromolecule at the interface and in the bulk solution. The change in structure and size of a polymer chain under such circumstances is an important consideration (Chibowski 1990a) , the size and dimensions of the polymer coils depending not only on the segment-segment and segment-solvent interactions but also on the concentration and molecular weight of the polymer involved. The polymer coils may interpenetrate in concentrated solutions and the same effect may also be observed for adsorbed polymer chains where part of the loop and tail segments protrude into the bulk of the solution.
A determination of some of the parameters concerned with macromolecules at the interface and in the bulk solution allow a better characterization of the adsorbed macromolecules. With this in mind, the following values have been calculated: the root-mean-square (rms) end-to-end chain distance, ½ -r 2 ½ ½ , the rms radius of gyration of the polymer coil, ½ -s 2 ½ ½ , the hydrodynamic radius, R h , of the polymer coil in the solution, the volume occupied by the polymer molecule in the adsorbed layer (this volume was calculated from the G and d values).
Knowing the volume occupied by the polymer molecule in the adsorbed layer, this may be related to an equivalent sphere allowing the calculation of its radius R s .
The ½ -r 2 ½ ½ quantity was calculated for various fractions of the polymer using the Flory-Fox equation (Garvey et al. 1974) :
where [h] is the intrinsic viscosity expressed in dl/g and b is a proportionality constant which is equal to ca. 2 × 10 21 for polymers in good solvents (this value may be changed within a narrow range, depending on the solvent quality).
The values of ½ -r 2 ½ ½ thus obtained were used to calculate the values of ½ -s 2 ½ ½ using the dependency:
Values of the hydrodynamic radius, R h , of the polymer coil in solution were calculated from the equation:
where f is a constant which should be independent of the molecular weight of the polymer. A value of f = 0.6 (Chibowski 1990b) was used for the present calculations, the results obtained being presented in Table 4 . Analysis of the data presented in this table leads to some interesting conclusions. A comparison of R s with the calculated values of the hydrodynamic radii of polymer molecules in solution shows that for the PEG molecular weights examined R h < R s . Such a relationship proves that mutual penetration of the adsorbed molecules cannot take place on the TiO 2 surface as has been observed, for example, for PVA with molecular weights greater than 44000 (Chibowski and Paszkiewicz 2001) . PEG polymer coils on the surface may occupy an even greater space than in the bulk solution, demonstrating the strong interaction between the PEG macromolecule and the TiO 2 surface and its change in shape after adsorption. Similar conclusions arise from a comparison of the thickness of (Tables 2 and 4 ). The calculated values of d proved to be slightly higher than the hydrodynamic diameter of the macromolecule in solution. This confirms the absence of any compression of the macromolecule on the TiO 2 surface coupled with its firm bonding. Such interactions may lead to the development of adsorbed polymer coils on the TiO 2 surface leading to an increase in their volume relative to the situation in the bulk solution.
In order to obtain a more detailed description of the adsorption properties of PEG and the properties of the electrical double layer at the TiO 2 /polymer solution interface, surface charge and zeta potential measurements were performed on the TiO 2 -NaCl-PEG system. The results obtained are presented in Figures 3-6 .
As can be seen from a comparison of the plots of the titration curves obtained for the TiO 2 -NaCl and TiO 2 -NaCl-PEG systems (Figure 3) , the presence of PEG had no influence on the pH pzc value of TiO 2 , this being equal to 6.15 in both systems. The surface charge of TiO 2 in the presence of adsorbed polymer was slightly lower than that of TiO 2 in the absence of polymer over the whole pH range examined. The absence of any change in the pH pzc values and the small changes observed in the value of the surface charge in the presence of PEG may be explained by the mechanism of its adsorption on the TiO 2 surface. As mentioned previously, since PEG is a non-ionic polymer possessing -OH groups, its adsorption proceeds mainly through hydrogen bonding (Vincent 1974) with such interaction having no influence on the surface charge. The small changes observed in the surface charge at the TiO 2 /polymer solution interface may be connected with changes in the structure of the Stern layer. These changes are caused, for example, by the removal of water dipoles by the hydroxy groups of the PEG macromolecule. Moreover, the presence of adsorbed polymer macromolecules may influence the distribution of the charge in the diffuse layer as well as the position of the inner Helmholtz plane (IHP). As a result, this leads to a shift in the slippage plane and to a change in the value of the electrokinetic potential. Figure 4 illustrates the influence of PEG molecular weight on the value of the zeta potential. As can be seen, the adsorption of PEG influences the distribution of charge in the diffuse part of the electrical double layer, the effect of such changes being reflected by the small shift of pH iep in the TiO 2 -NaCl-PEG system towards lower pH values. The observed shift is more pronounced for higher PEG molecular weights (see Figure 4 ) and may be attributed to the following effects: a shift in the slippage plane, a change in the surface charge and the blockage of active sites on the TiO 2 surface. The position of the slippage plane in the presence of polymer depends on the conformation of the latter at the interface. Generally, the thickness of the adsorbed polymer layer increases for higher molecular weights, as mentioned earlier. As a result, the slippage plane is shifted from the surface and the zeta potential decreases.
An estimation of the contribution of the effects of the shift in the slippage plane, the blocking of active sites on the solid surface or a change in the surface charge of TiO 2 may be obtained from a determination of the difference in the diffuse layer charge value, 
where c is the concentration of the background electrolyte, z is the charge on the counterion and y d is the potential of the diffuse layer. The difference in surface charge values was determined from potentiometric titration data, the values obtained being depicted in Figures 5 and 6 . A comparison of the value of Ds d with that of Ds 0 reveals that Ds d was smaller than Ds 0 over the whole pH range investigated. This suggests that the blocking of adsorption sites on the TiO 2 surface by adsorbing PEG macromolecules caused changes in the value of the zeta potential in the presence of the polymer. As demonstrated previously (Chibowski and Paszkiewicz 2001) , the changes in the zeta potential in the presence of various polymers depend on the molecular weight of the individual polymer and the presence of functional groups. The blocking of adsorption sites on metal oxides is more pronounced for lower polymer molecular weights (Siffert and Li 1989) , caused by the more compact layers of such polymers formed on the surface of the solid as a result of the predominant train structures adopted by the polymer segments. The data obtained from adsorption and electrokinetic measurements as well as the numbers of segments calculated for PEG in various structures seem to confirm the dependencies observed.
